Prior work in animal models implicates abnormalities of adenosine metabolism in astrocytes as a possible pathophysiological mechanism underlying the symptoms of schizophrenia. In the present study, we sought to reverse-translate these findings back to the human brain in schizophrenia, focusing on the following questions: (1) Which components of the adenosine system are dysregulated in schizophrenia, and (2) are these changes limited to astrocytes? To address these questions, we captured enriched populations of DLPFC pyramidal neurons and astrocytes from schizophrenia and control subjects using laser capture microdissection and assessed expression of adenosine system components using qPCR. Interestingly, we found changes in enriched populations of astrocytes and neurons spanning metabolic and catabolic pathways. Ectonucleoside triphosphate diphosphohydrolase-1 (ENTPD1) and ENTPD2 mRNA levels were significantly decreased (p < 0.05, n = 16 per group) in enriched populations of astrocytes; in pyramidal neurons equilibrative nucleoside transporter 1 (ENT1) and adenosine A 1 receptor mRNA levels were significantly decreased, with an increase in adenosine deaminase (ADA) (p < 0.05, n = 16 per group). Rodent studies suggest that some of our findings (A 1 R and ENTPD2) may be due to treatment with antipsychotics. Our findings suggest changes in expression of genes involved in regulating metabolism of ATP in enriched populations of astrocytes, leading to lower availability of substrates needed to generate adenosine. In pyramidal neurons, changes in ENT1 and ADA mRNA may suggest increased catabolism of adenosine. These results offer new insights into the cell-subtype-specific pathophysiology of the adenosine system in this illness. . Negative and cognitive symptoms are characterized by social withdrawal, anhedonia, and deterioration in memory and executive function, and are related to glutamate hypofunction [2, 4] . The adenosine system modulates glutamate and dopamine neurotransmission via a complex network of receptors, enzymes, and transporters expressed throughout the brain on neurons and glia [5] . Adenosine metabolism is a tightly regulated process [6] and dysregulation of adenosine pathways significantly impacts the system's neuromodulatory function [7] .
INTRODUCTION
Schizophrenia is a serious, high-cost neuropsychiatric disorder that affects approximately 1% of the population worldwide [1] . The symptoms of schizophrenia can be classified as positive, negative, or cognitive [2] . Positive symptoms are characterized by delusions and hallucinations and are associated with dopamine hyperfunction [3] . Negative and cognitive symptoms are characterized by social withdrawal, anhedonia, and deterioration in memory and executive function, and are related to glutamate hypofunction [2, 4] . The adenosine system modulates glutamate and dopamine neurotransmission via a complex network of receptors, enzymes, and transporters expressed throughout the brain on neurons and glia [5] . Adenosine metabolism is a tightly regulated process [6] and dysregulation of adenosine pathways significantly impacts the system's neuromodulatory function [7] .
Boison and colleagues developed a mouse model of adenosine kinase (ADK) overexpression, resulting in a global brain adenosine deficiency and cognitive and locomotor impairments that model schizophrenia-like endophenotypes [8] . These deficits are postulated to be driven by increased expression and activity of ADK in astrocytes, leading to reduced extracellular adenosine levels [8, 9] . In combination with models that genetically manipulate adenosine receptor expression, these studies suggest that dysregulation of adenosinergic neuromodulation of glutamatergic and dopaminergic systems contributes to the signs and symptoms found in schizophrenia [9] [10] [11] . Supporting this hypothesis, allopurinol, a xanthine oxidase inhibitor, which prevents purine degradation, has a moderate effect in improving symptoms in a subset of schizophrenia subjects when administered in addition to antipsychotic medication [12] .
Postmortem studies of the adenosine system in schizophrenia, limited to only a few brain regions, have primarily focused on changes in adenosine receptor expression. Increased expression of A 2A receptor was reported in the hippocampus [13] and striatum [14, 15] , while others have reported downregulation of A 2A receptor mRNA and protein expression in the striatum in a subset of schizophrenia subjects [16] . The protein expression levels of metabolic enzymes responsible for the generation of adenosine from ATP were also decreased in the striatum in schizophrenia [17] .
There are a number of sources of extracellular adenosine. These include indirect production by enzymatic catabolism of released ATP, culminating in conversion of AMP via 5'nucleotidase (5'NT) to adenosine, a primarily astrocytic mechanism [11] . Adenosine produced by extracellular ATP released from astrocytes primarily targets A 1 receptors, which induces widespread tonic inhibition [18] . Neuronally produced adenosine preferentially activates local excitatory A 2A receptors [19] . Adenosine can also be generated intracellularly from AMP, following nucleotide degradation or from s-adenosyl homocysteine, and directly released by the ENT transporters, a primarily neuronal mechanism [20, 21] . Calciumdependent adenosine release has also been identified, an effect that may be dependent on glutamate but not dopamine release [22, 23] . In this study, we sought to examine gene expression of multiple components (enzymes, receptors, and transporters) of this diverse neuromodulatory system in schizophrenia, using a cell-level approach in postmortem DLPFC, a brain region implicated in the pathophysiology of cognitive deficits and negative symptoms found in this often-devastating illness. These components include ENTPDs, which convert ATP to ADP and AMP; 5'nucleotidase (5'NT), an ectoenzyme that converts AMP to adenosine; ENT1, a bidirectional adenosine transporter; adenosine deaminase (ADA), which metabolizes adenosine to inosine; ADK, which phosphorylates adenosine to AMP; and the inhibitory and excitatory adenosine receptors A 1 R and A 2A R, respectively.
MATERIALS AND METHODS
Subjects Human brain tissue was obtained from the Maryland and Alabama Brain Collections. All cases were obtained with consent from the next of kin with IRB approved protocols. The tissue was collected from adult control (n = 16) and schizophrenia subjects (n = 16) from the dorsolateral prefrontal cortex (DLPFC). Tissue from the same subjects were used for region-level and cell-level studies. Subjects were matched for age, postmortem interval (PMI) and pH (Table 1) . Brains were frozen at −80°C until the DLPFC was dissected and stored at −80°C until used. For all postmortem human cases, two independent psychiatrists established DSM-IV diagnoses based on the review of available medical records, autopsy reports, and interviews with family using the Structured Clinical Interview for DSM-IV. APD status was deemed to be "on" if they were on medication in the last 1-6 months of life.
Cell capture and quantitative polymerase chain reaction (qPCR) Laser capture microdissection (LCM) and qPCR methods are described in detail in the Supplemental Information and were conducted and validated as previously described [24] [25] [26] . Briefly, for region-level studies, RNA was extracted from 14 µm DLPFC cryosections using the RNeasy Minikit (Qiagen, NL) according to the manufacturer's instructions. To conduct cell-level studies, enriched populations of pyramidal cells and astrocytes were identified and cut from superficial (layers II-III) and deep (layers V-VI) gray matter of the DLPFC by LCM. RNA was isolated using the PicoPure RNA isolation kit (Molecular Devices, Sunnyvale, CA, USA) according to the manufacturer's protocol. Complementary DNA (cDNA) was synthesized using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Taqman primers, listed in Supplementary Table 1, were used for preamplification PCR reaction and region-level and cell-level experiments using 96-well optical reaction plates (Life Technologies, USA) on an Applied Biosystems detection system (ABI SteponePlus, Applied Biosystems, Life Technologies, USA). Quality control studies confirming sample enrichment are described in Supplementary Fig. 8 , as well as in prior publications [24] [25] [26] .
Animal treatments Rat haloperidol study. Rodent studies were performed in accordance with the IACUC guidelines at the University of Alabama at Birmingham. Adult male Sprague-Dawley rats (250 g) were housed in pairs and maintained on a 12 h light/dark cycle. Rats received 28.5 mg/kg haloperidol-decanoate [27, 28] or vehicle (sesame oil) by intramuscular injection every 3 weeks for 9 months Rat PMI study. Rodent studies were performed in accordance with the IACUC guidelines at the University of Cincinnati. LCMqPCR experiments in antipsychotic treated rats for selected dependent measures were performed similar to human studies [25] . mRNA levels for selected dependent measures were also assayed in the frontal cortex of adult male Sprague-Dawley rats (250 g) that simulate varying PMIs of 0, 12, 24, and 48 h (n = 3 per time point).
qPCR in rodent brain Gene expression targets that were significantly altered in postmortem DLPFC were compared in haloperidol-treated (n = 10) and control (n = 10) rats. The frontal cortex of each rodent was cryo-sectioned (14 µm sections) following removal of the olfactory bulbs and frontal pole. For cell-level experiments, enriched populations containing 500 pyramidal cells or astrocytes were cut from Nissl stained sections by LCM. ENT1 expression was significantly correlated with PMI in the human study. As an additional control for this variable, ENT1 expression was examined in the rat PMI time course study at region-level. RNA was isolated using the Arcturus PicoPure RNA isolation kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol. cDNA was then reverse transcribed and analyzed by qPCR as described. The primers used are listed in Supplementary Table 2 .
Inosine assay Inosine levels were measured at the region-level in control (n = 16) and schizophrenia (n = 16) DLPFC. Tissue was prepared and the assay was carried out according to the manufacturer's instructions (MAK100, Sigma-Aldrich, USA) with minor adjustments. Briefly, standards and samples were run in a final volume of 40 µl with equal volume of sample buffer. The amount of sample loaded per well was equivalent to 6 µg of protein. Samples and standards were run in duplicate. The assay was read using a fluorescent plate reader (Envision 2103, PerkinElmer, USA) at 535 nm excitation/590 nm emission.
Data analysis Alpha = 0.05 for all statistical tests. Data were analyzed with Statistica (Statsoft, Tulsa, OK, USA) and Graphpad Prism 6, (GraphPad Software, La Jolla California USA, www.graphpad. com). All data sets were tested for normal distribution (D'Agostino and Pearson omnibus normality test) and homogeneity of variance (F-test). Outliers >2 standard deviations from the mean were excluded. (Fig. 1) .
Astrocyte population In a population of enriched astrocytes from DLPFC, there was a significant association between expression of ENT1 and ENTPD3 mRNA expression and RIN, but not age or PMI. There were no significant associations between gene expression levels of ENTPD1, ENTPD2, A 1 R, A 2A R, 5'NT, ADA and ADK and age, pH, PMI, or RIN values. There was no significant difference between schizophrenia and control expression of ENT1 mRNA (ANCOVA: F (1,27) = 0.271, p = 0.607) or ENTPD3 (F (1, 27) = 0.829, p = 0.371) (Fig. 2d, c) . There was a significant decrease in ENTPD1 (t (28)= 2.5, p = 0.0189) and ENTPD2 (t (28)= 3.2, p = 0.0034) mRNA expression (Fig. 2a, b) . There was no significant effect of sex or medication on expression in schizophrenia compared to control. No statistically significant changes in mRNA expression were detected for 5'NT (p = 0.065), A 1 R (p = 0.773), and A 2A R (p = 0.842) (Fig. 2e, h, i) or ADA (p = 0.332) and ADK (p = 0.924), which were analyzed by Mann-Whitney test as data distribution was not normal following log transformation (Fig. 2f, g ).
Pyramidal cell population In a population of enriched pyramidal neurons from DLPFC, there was a significant association between the expression of ENT1 and PMI, but not age, pH, or RIN and between ENTPD2 and age, but not RIN, pH, or PMI. There were no significant associations between gene expression levels of ENTPD1, ENTPD3, 5'NT, ADA, ADK, A 1 R, A 2A R and age, pH, PMI, or RIN values.
There was a significant decrease in ENT1 mRNA (ANCOVA: F (1,27) = 11.326, p = 0.002) but no significant difference in ENTPD2 expression (ANCOVA: F (1,22) = 3.544, p = 0.0731). There was a significant decrease in A 1 R (t (29) = 2.3, p = 0.032) and a significant increase in ADA (t (30) = 2.4, p = 0.021) mRNA expression in schizophrenia compared to controls (Fig. 3d, h, f (Fig. 3a-c, e, g, i) .
PMI and RIN correlation analyses There were no significant associations between gene transcripts and PMI in the enriched astrocyte population ( Supplementary  Fig. 1 ). In an enriched population of pyramidal neurons, there was a significant negative association between ENT1 mRNA expression and PMI (r = −0.4542, p = 0.012; Supplementary Fig. 2D ) but not between other gene transcripts and PMI (Supplementary Fig. 2) .
In an enriched population of astrocytes, there was a significant negative association between ENTPD3 and RIN (r = −0.51, p = 0.004) and ENT1 mRNA expression and RIN (r = −0.43, p = 0.0187) but not between other gene transcripts and RIN ( Supplementary  Fig. 3 ). There were no significant associations between gene transcripts and RIN in the in the pyramidal neuron population ( Supplementary Fig. 4 ).
Inosine assay
No changes in inosine levels were detected in DLPFC tissue homogenates in schizophrenia vs. control subjects (Supplementary Fig. 5 ).
Rodent studies
To assess the effects of chronic antipsychotic treatment on our dependent measures, gene expression of significantly altered mRNA targets from our gene studies were measured in rats treated for 9 months with haloperidol-decanoate. In an enriched Fig. 4c ). There was a significant decrease in ENTPD2 mRNA expression (Welch-corrected t (13) = 2.3, p = 0.042, Fig. 4b ).
There was no significant effect of medication on ENT1 expression or ADA expression in an enriched population of pyramidal neurons (Fig. 4d, e) . There was a decrease in A 1 R expression (Welch-corrected t (8.8) = 3.8, p = 0.004) in an enriched population of pyramidal neurons (Fig. 4f) .
ENT1 expression and PMI were significantly correlated in pyramidal neurons (Supplementary Fig. 2D) . Therefore, the effect of PMI on ENT1 expression was examined in a rat model of PMI. There was no significant effect of PMI on ENT1 gene expression at 12 h, 24 h or 48 h compared to 0 h in the rat frontal cortex (Supplementary Fig. 6 ).
DISCUSSION
Boison and colleagues speculate that hypofunction of the neuromodulator adenosine results in dysregulation of the glutamate and dopamine neurotransmission systems, which are central to the pathophysiology of schizophrenia [9] . Evidence supporting this hypothesis comes from a number of animal model studies [9] , but there is a paucity of information on the pathways regulating extracellular adenosine generation in human disease. Thus, in this study, we identified components of the adenosine system (enzymes, receptors, and transporters) involved in the extracellular generation of adenosine that have dysregulated gene expression in postmortem DLPFC in schizophrenia. Our results also extend the current understanding of the hypothesis from being a primarily glial defect, to include perturbations in the pathway that generates extracellular adenosine in neurons. Overall, this study suggests that there is extensive, cell-subtype-specific dysfunction in gene expression of the metabolic cascade that generates extracellular adenosine in schizophrenia.
Extracellular adenosine is mainly generated in two ways. ATP is released into the extracellular space and converted to adenosine via a series of enzymatic steps. Alternatively, adenosine is directly released from cells via equilibrative nucleoside transporters (ENTs) [7, 11] . Indirect generation of adenosine via conversion of ATP is more typical of glial cells, while direct adenosine release is more typical of neurons, although the enzymes required to generate adenosine and the ENT transporters are found in both cell types [7, 29] . The relative contributions of directly released and indirectly generated adenosine and whether its source is neuronal or astrocytic are not fully understood. However, in pathological conditions like schizophrenia, the results of this study suggest that diverse cell-subtype-specific mechanisms may contribute to dysregulation of the adenosine metabolism cascade (Fig. 5) .
In astrocytes, ENTPD1 and ENTPD2 generate adenosine by sequentially hydrolyzing ATP to ADP and AMP in the extracellular space [30] . ENTPD-mediated catabolism of ATP terminates its action as a signaling molecule but initiates ADP and adenosine signaling responses [31] . In cardiac fibroblasts, endogenous ENTPD activity maintains tissue homeostasis by modulating stimulatory ATP release and inhibitory ATP hydrolysis [32] . This provides a balancing mechanism that maintains extracellular adenosine and ATP levels. The authors postulate that blockade of ENTPD activity reduced adenosine signaling and prolonged ATP signaling. It follows that attenuated ENTPD expression may significantly impact adenosine system signaling and neuromodulatory activities. In this study, ENTPD1 and ENTPD2 gene expression levels were significantly reduced in an enriched population of astrocytes in schizophrenia (Fig. 2a, b) . In the striatum, ENTPD enzyme activity levels were downregulated in schizophrenia [17] . Reduced levels of ENTPD could have a significant impact on the amount of substrate available for conversion to adenosine, affecting adenosine and purinergic receptor activation.
ENT1 is a non-concentrative bidirectional nucleoside transporter that equilibrates adenosine concentration across membranes [33] . ENT1 facilitates both influx and efflux of adenosine. Thus, adenosine transporter blockers can increase extracellular adenosine levels, leading to activation of A 1 receptors and increased A 1 receptor-mediated inhibition, or reduce extracellular adenosine [20] , as with ENT1 knockout mice, which have reduced adenosinemediated inhibition of EPSCs [34] . In schizophrenia, ENT1 mRNA levels were significantly reduced in pyramidal neurons (Fig. 3d) . Consistent with this finding, a decrease in ENT1 protein levels was found in the superior temporal gyrus in elderly schizophrenia subjects [35] . No change in ENT1 protein was found in the anterior cingulate cortex in the same study. ENT1 allows for fast, direct release of adenosine under normal conditions and is responsible for approximately 40% of extracellular adenosine release [36] . Lovatt et al. [23] showed ENT-dependent release of adenosine in response to active spiking neurons, resulting in A 1 receptor activation and suppression of excitatory transmission. This effect was independent of 5'NT activity, indicating it was not due to extracellularly metabolized ATP, but directly released adenosine from neurons [23] . Thus, reduced neuronal ENT1 expression could result in decreased levels of neuronally released adenosine and lower extracellular adenosine levels, contributing to dysregulation of the adenosine system in schizophrenia.
ADA provides a means of metabolically inactivating adenosine. ADA irreversibly deaminates adenosine to inosine, which is unavailable for signaling [37] . We found an increase in ADA levels in an enriched population of pyramidal neurons (Fig. 3f) , suggesting increased catabolism of adenosine that may contribute to dysregulation of the adenosine system in schizophrenia. ADA activity levels in serum are significantly increased in schizophrenia subjects, although it is unclear whether this is solely a disease effect or the influence of antipsychotic medication [38] . Schizophrenia subjects are less likely to have a low activity variant of ADA, ADA1*2, a G to A polymorphism of ADA that results in 20-30% lower enzyme activity levels [39] . This results in lower levels of adenosine in schizophrenia subjects due to the higher activity variant of ADA. To investigate a possible consequence of increased ADA expression, inosine levels were assayed in this study. No changes in the concentration of inosine at the region-level in tissue homogenates were detected. However, region-level measurements of metabolites may not be sensitive enough to detect cell-level or compartment-specific changes in inosine expression [40] .
A 1 R gene expression was significantly downregulated in an enriched pyramidal neuron population in schizophrenia. A 1 Rs mediate inhibition of synaptic transmission following activation by adenosine under basal conditions in excitatory synapses [33, 41] . Limited animal studies of A 1 R genetic deletion resulted in animals Fig. 4 Relative mRNA expression of significantly altered adenosine system genes in haloperidol-treated rats. In an enriched population of astrocytes, there was no significant effect of antipsychotic medication on a ENTPD1 or c NT5E mRNA levels following Student's t-test. There was a significant decrease in b ENTPD2 levels (p < 0.05). n = 9-10/group. In an enriched population of pyramidal neurons, there was no significant effect of antipsychotic medication on d ENT1 or e ADA mRNA levels following Student's t-test. f A 1 R levels were significantly reduced following chronic haloperidol administration. n = 5-10/group. Data presented as mean + / -SEM. ADA adenosine deaminase; A 1 R adenosine 1 receptor; ENT1 ectonucleoside transporter 1; ENTPD ectonucleoside triphosphate diphosphohydrolase; NT5E 5'nucleotidase (5'NT) that displayed greater aggression and anxiety behavior but had no effect on spatial reference and working memory [42] . Previous postmortem work has identified no change in A 1 R gene or protein expression in the striatum in schizophrenia [16] , although this study was conducted at the region-level, which may have masked cell-level changes in A 1 R expression [43] . The cell-specific distribution of the adenosine cascade gene targets corroborates reports from RNAseq analysis of different cell types in mouse cortex [44] . For example, ENTPD2 is highly expressed in astrocytes, thus changes in expression levels may have a significant impact on adenosine metabolism in this cell type. ENTPD1 is highly expressed in microglia, with lower expression in astrocytes under normal conditions; therefore, changes in expression levels in astrocytes may have only moderate effects in these cells.
Antipsychotic medication may account for some of the gene expression changes described in this study. To address this concern, the effects of chronic (9-month) administration of the typical antipsychotic haloperidol-decanoate on rat frontal cortex were studied. This is representative of the schizophrenia subject population, with 11/16 subjects administered typical antipsychotics from a total 14/16 subjects known to be administered antipsychotic medication (Table 1) . ENTPD1 (enriched populations of astrocytes), ADA, and ENT1 (enriched populations of pyramidal neurons) levels were not altered in rats treated chronically with haloperidol-decanoate. However, ENTPD2 and A 1 R levels were significantly decreased. Haloperidol also reduced ATP hydrolysis and ENTPD2 gene expression in zebrafish brain [45, 46] . A decrease in A 1 R expression may indicate reduced inhibition of glutamate release, leading to increased excitatory signaling in response to hypoglutamatergic function associated with schizophrenia [9] . These results represent the effects of chronic dopamine D 2 receptor antagonism on the adenosine metabolism cascade, and suggest a novel mechanism of action for these drugs in treating schizophrenia.
A possible limitation of this study is the sample size. LCM-qPCR is a time-consuming method and the experimental design is balanced to collect the number of samples required for sufficiently powered analyses, in a timely manner. As most schizophrenia subjects were on antipsychotic medications like haloperidol, it is not possible to meaningfully compare the effects with subjects off antipsychotics in this dataset. An additional limitation is that gene expression changes are measured in populations of cells that are highly enriched [24] [25] [26] , but may contain neuropil, processes, or other small cells including interneurons. ENT1 expression is sensitive to hypoxic conditions. Therefore, ENT1 was statistically analyzed with PMI as a covariate to control for this common feature of postmortem tissue. A rodent study to control for the effects of PMI on gene expression found no effect. Finally, while we can speculate on the effects of cell-specific changes in gene expression of adenosine metabolism targets, future studies using experimental models are needed to test mechanistic hypotheses to explain these postmortem observations and determine the functional consequences of dysregulation of adenosine metabolism pathways in schizophrenia.
In summary, this study provides evidence for dysregulated gene expression of the adenosine metabolic cascade in schizophrenia. Increased ADK activity in astrocytes is hypothesized to reduce extracellular adenosine, with subsequent hypofunction of the adenosine neurotransmitter system [5, 9] . There was no change in ADK mRNA expression in this study. However, in our study, reduced expression of the astrocytic ENTPD cascade is a more likely cause of perturbations in the adenosine system in schizophrenia. Altered expression and activity of ENTPD in schizophrenia was previously reported, albeit in the striatum [17] . In addition, our results suggest a role for neuron-driven reduction of extracellular adenosine. Changes in adenosine pathway targets in pyramidal neurons, including reduced transport of adenosine to the extracellular space via ENT1, and increased catabolism of adenosine to inosine by the enzyme ADA, may contribute to dysregulation of the adenosine metabolism system in schizophrenia. Finally, expression changes in adenosine pathway gene targets in a haloperidol medication-control study suggest that antipsychotic drugs modulate some components of this pathway, offering additional insight into the role of adenosine system dysfunction in schizophrenia. In an enriched population of astrocytes, ENTPD1 and ENTPD2, enzymes responsible for the dephosphorylation of ATP and ADP to AMP, the substrate for adenosine, are significantly reduced. The indirect generation of adenosine, from ATP release by astrocytes, is likely reduced in schizophrenia. In an enriched population of neurons, ADA, an enzyme which irreversibly converts adenosine to inosine, is significantly increased. ENT1, a bidirectional nucleoside transporter, and the adenosine A 1 receptor are also significantly reduced. The direct release and availability of adenosine generated in neurons is likely reduced in schizophrenia. Adenosine hypofunction is strongly implicated in schizophrenia, with cell-specific deficits in the mechanisms of adensoine generation in the DLPFC. ADA adenosine deaminase, ADK adenosine kinase, AK adenylate kinase, DLPFC dorsolateral prefrontal cortex, ENTPD ectonucleoside triphosphate diphosphohydrolase, ENT equilibrative nucleoside transporter, PNP purine nucleoside phosphorylase, 5'NT 5'nucleotidase (5'NT)
